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Heavy Flavor and Quarkonia

Measurements from CMS
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- CMS,
II Introduction

Heavy quarks are good probe of QGP!

+ Produced mainly via initial hard scatterings (mc, mp » Tacp)
= EXxperience the whole evolution of the medium

+ Production cross section calculable with pQCD (m¢, mp » Aqcp)
= Slow “hard probes”

+ Brownian motion
= Spatial diffusion coefficient Ds
+ Strongly interact with the deconfined medium

Jing Wang (MIT), RHIC/AGS AUM HF Workshop (BNL)



- CMS,
II Introduction

What information of QGP can we get?

+ Energy loss in the medium \E\ g E ¥ AE
- Pictures +E |
A | E-AE

v pQCD: Collisional + Radiative |
v AdS/CFT: drag force (mec)i(ium)
Depends on (pQCD)
v color charge and quark mass (dead cone effect [1])
= AE > AEC > AEb

v medium density and path length
+ Collective flow
Interaction strength
Thermalization + Relaxation time

Jing Wang (MIT), RHIC/AGS AUM HF Workshop (BNL)
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I I Introduction

What information of QGP can we get?

+ Energy loss in the medium :
Pictures
v pQCD: Collisional + Radiative Nu_c_leat_‘
v AdS/CFT: drag force e

factor (Raa)

Depends on (pQCD)
v color charge and quark mass (dead cone effect [1])
= AE > AE: > AEp d—Noc1+22vncos[n(¢—(Dn)]
= Riightss < RDas < RBax de p
v medium density and path length
+ Collective flow
Interaction strength
Thermalization + Relaxation time

Azimuthal
anisotropy (vn)

Jing Wang (MIT), RHIC/AGS AUM HF Workshop (BNL)
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I I Introduction

+ Production cross section calculable with pQCD (m¢, mp » Aqcp)

. Initial Condition
----- EoS (IQCD)

R — 1 dNAA / dGPP
“ TAA dp T dp T

Nuclear

= Spatial diffusion coefficient Ds «- I-E-V P-IEI!I-O-n- Eq Yo

factor (Raa)

fl—];loc1+2;vncos[n(¢—(bn)]

Azimuthal

:(

€ == = - - modification
e :
anisotropy (vn)

Jing Wang (MIT), RHIC/AGS AUM HF Workshop (BNL)



II Outline

Nuclear
Part 1 plolo[iiloZ 1o/ M @ .................. S8
factor (Raa)

Part 2 CEfGE ) S24
anisotropy (vn)
Part 3 Ay SR S34

in Jets

Jing Wang (MIT), RHIC/AGS AUM HF Workshop (BNL)



II Heavy-ion data collection in CMS

Collision . Ener LHC CMS
System | Y ! Delivered » Recorded

Run 1
2011 _:  Pb-Pb : 2.76TeV : 184.1 ub-

174.3 o7

:ﬁ u 2013 p-Pb 55.02 TeVi 36.1nb* . 355nb' | |
| Run2 {‘
1.2015_ & p-p  1502TeV.:i 288pbt i 28.1pb! |
______ 2015 1. Pb-Pb 1 5.02TeV i 060nbi i 085nbi ! |
- 2016 p-Pb__ 188.3nb" i 180.2nb" : |
______ 2017 i XetXe :544TeV i 63ub1 i 60ubt i
______ 2017 i pp....1502TeV : 3343pb7 i 3163pb7 i
2018 Pb-Pb 5.02 TeV 1.80 nb-1 1.71 nb-

Jing Wang (MIT), RHIC/AGS AUM HF Workshop (BNL)
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Heavy Quark Production

Jing Wang (MIT), RHIC/AGS AUM HF Workshop (BNL)



I III Measuring open charm in CMS
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Fully reconstruct hadronic decays

%103 530 ub' (5.02 TeV PbPb)
= m(DO) = 1864.83 + 0.05 MeV/c2 120 CMS - Data
= ¢1(D9% = 0(100) pm " D° 4+ D° — Fit
= BR(D%— Kn) = (3.89 +0.04)% N’Q\ 100}~ 5.<p_<6GeVic Signal
% |y| < 1 0 == Combinatorial
‘M o - =S 80_ Cent. 0-100% K-TE swapped
LO
Z 60F
displace 3 ~
\ S 40+
c I
DO K- s
decay : |
» -I-I-+ | Amt | h
x10° 44 b (5.02 TeV PbPb) 1.7 176 1.82 1.8 194 2
o3t CMS Preliminary Ag+ Ag m,, (GeV/c?)
- 10<p_<20 GeV/c
& 2250 T New!
<§ E lyl<1.0 )
o 22 Cent. 0-100% deca.
021.5F A Y K-
© C
g20-5; M displace
S 204t o
O + Data -,
19.5 -Signal+Background
- Background
198 L Loy I A
215 2.2 225 2.3 235 24
My (GeV/C ) = m(A\c) =2284.9 + 0.6 MeV/c2
= BR(A¢— pKn) = (5.0 £1.3)% = cT(Ac) = 0(50) uym

Jing Wang (MIT), RHIC/AGS AUM HF Workshop (BNL)



II Measuring open beauty in CMS

Inclusive: reconstruct daughter
resonance of b hadrons

hadronize

hadronize

displace

displace

K:_I/V

Exclusive: fully reconstruct
b-hadron decay chain

hadronize displace

B+ - J/Y + K+

= b — J/Y + anything: ~ 1%
= b — D9 + anything: ~ 60%
= cT(B) = 0(500) ym

Jing Wang (MIT), RHIC/AGS AUM HF Workshop (BNL)



H
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II Measuring open beauty in CMS
PbPb 368 b (5.02 TeV) - ¢) PbPb 351 ub™' (PbPb 5.02 TeV)
Rl LA LAY RS RS LA LAY ERLLY LY
I . = 7L L
14001 1.8 <1y <24 ems | g '0F -e- Data total D° CMS  10<p <15GeVic
2 45<p_~ <55GeV/c B O - . T RTLR™ <24
2 1200 cent. o-t00% 1 = Prompt L 40 5B -o-l[__)_?ta 4
= L E 6 - — |
$ 1000, Data . 6 107¢ From b hadrons 2 Signal
L t it . L
& 8001_§,$°?f'“’|”{;"h d //\\ - - < 30; ---- Gombinatorial
S [ Background [l ] Q I AaB — Jiy X
Ny = 107 @ 20
(2] c
*qé; = g) :
> =z L i
I 5 ot 10
: I ; I ; I ; , ,
0 0 002 004 006 552 54 56 58 6
26 27 28 29 3 3.1 3.2 3.3 34 35 m, (GeV/c
) 3 oSt D° DCA(cm) s (GeV/c?)

Long decay length — Precise vertexing

No-hadronic PID utilized

Cut optimization via ML methods

Advantage on |, J/Y reconstruction and recognization

Jing Wang (MIT), RHIC/AGS AUM HF Workshop (BNL)
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II Flavor dependence of parton energy loss in PoPb

Centrality 0-100%

Prompt DO
5.02 TeV pp (27.4 pb™) + PbPb (530 b = Strongest suppression at pr 5-10 GeV/c

CCMS = No significant collision energy dependence
1.6 Supplementary compared with 2.76 TeV

~ Charm
1.4 [= ] D°+D°
1.2

X T,, and lumi.

< L T e
T 08-y0 _+_ iy

0.6 H
0.4

N lyl < 1
0.2 Cent. 0-100%

O_III 1 | llllllI | 1 Illllll |
1 10 10°

P, (GeV/c)

Jing Wang (MIT), RHIC/AGS AUM HF Workshop (BNL)



‘ 2

E

5

- -
\ &

y £

< 3

II Flavor dependence of parton energy loss in PoPb

Centrality 0-100%

5.02 TeV pp (27.4 pb™) + PbPb (530/404 pb™)

1.6 CMS supplementary

14b O Charged hadrons vs. Prompt DO
[ Charm = Similar suppression in a wide kinematic range
lep jovso = Hint of less suppression of DO at low pr

B | pe@nd lumi.

N Ur 3 {;t','DU

= Dead-cone effect? Different spectra slope? Flow
peak is at lower pt? ...?

lyl < 1
Cent. 0-100%

O_III 1 | llllllI | 1 1 1 1

L
1 10 102
P, (GeV/c)

Jing Wang (MIT), RHIC/AGS AUM HF Workshop (BNL)
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II Flavor dependence of parton energy loss in PoPb

Centrality 0-100%

5.02 TeV pp (27.4 pb™) + PbPb (530/404/368 ub™)

1.65— CMS Supplementary
_ Light Beauty
14 & K ¢ |Blyl<24
[ Charm
1.2 [w ) D°+D°
g B BB
o - L = No significant meson flavor dependence of Raa
08190 m, . .
-+- B e at high pt with the current accuracy
0.6 B A i
PR
0.4 * s 2
N lyl < 1
0.2 * =7 Cent. 0-100%
O_III 1 | llllllI | 1 Illllll |
1 10 10°
P, (GeV/c)

Jing Wang (MIT), RHIC/AGS AUM HF Workshop (BNL)



II Flavor dependence of parton energy loss in PoPb

Centrality 0-100%

5.02 TeV pp (27.4 pb™) + PbPb (530/404/368 pb)

1.6 CMS supplementary

Beauty
" Light (b =) Jhy
140 te W + 18<lyl<24
. Charm * lyl<2.4

1.2F & 004D

= T,, and lumi.

Non-prompt J/Y
= Flavor hierarchy of Raa at low pr
lyl < 1 = Flat Non-prompt J/{ Raa at high pr
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Jing Wang (MIT), RHIC/AGS AUM HF Workshop (BNL)
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II Flavor dependence of parton energy loss in PoPb

Centrality 0-100%

5.02 TeV pp (27.4 pb™) + PbPb (530/404 pb™)

1.6 CMS supplementary
_ Light Beauty

140 e W % (b—)D°
. Charm
1.2 & ] D°+D°

= T,, and lumi.

0.4 *
- lyl < 1

0.2 Cent. 0-100% |  Non-prompt D
0_"; B 1'0 — 1(')2 — = Larger Raa of non-prompt DO than prompt DO in
pT (GeV/c) iIntermediate pr

Jing Wang (MIT), RHIC/AGS AUM HF Workshop (BNL)
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II Flavor dependence of parton energy loss in PoPb

Centrality 0-100%

5.02 TeV pp (27.4 pb™) + PbPb (530/404/368 ub™)

1 .65— CMS Supplementary %WBi iyl <2.4
[ Light % (b—)D°
14 o " (b ) iy
- arm 0 . =o + 18<lyl<24
1.2 EVD +D *x lyl<2.4 ! .
NI SN S Unprecedented information
o osk Tl N about parton mass dependence of
ol '+’j ;E* energy loss from CMS!
0.4F |
N lyl < 1
0.2F Cent. 0-100%
i I taal
° 1 10 10°
P, (GeV/c)

Jing Wang (MIT), RHIC/AGS AUM HF Workshop (BNL)
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II Charmonia Production in PbPb

Centrality 0-100%

5.02 TeV pp (27.4 pb™) + PbPb (530/368 ub™)

1_6§— CMS Supplementary %cgoa :mﬁo
1.4 - Hidden charm
B prompt J/y
1 2‘_ + 18<lyl<24
L *  lyl<24 ) )
B From Open heading to Hidden!
< -
OC o8k
0.6
0.4
N lyl < 1
0-2:_ Cent. 0-100%
O_I | | | | L1 1 1 11 | | | L1 1 1 11 | | |
1 10 10°
P (GeV/c)

Prompt J/Y
= Prompt J/Y suffers strong suppression
= Consistent over a wide kinematic range
= Energy loss play most important role in this pr
range?

Jing Wang (MIT), RHIC/AGS AUM HF Workshop (BNL)
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II Charmonia Production in PbPb and pPb

PbPb pPb
PbPb 368 (<30%) / 464 (>30%) ub™', pp 28.0 pb™' (5.02 TeV) 16 pr 34 6nb", pp 28 0 pb ! 5.02 TeV
< T T | T 1T | T 1T | T 1T | T T | T 1T | T 1T | T 1T | I . B T | 1T T T | T | 1T T T 1T T T | 1T T T ]
< T ]

o 1.4 lyl<1.6 CMS i Prompt \|I(2$) CMS °
- 6.5<p_<30GeVic ] 140 o 6.5<p_<10 GeV/c g
1'2: ] 1.2 J/\Il -
§ " C (W g §
1r i SR I O L I O T = =

! m Prompt J/y i 1 2> ° KN
0.8 e Prompt y(2S) ~ o F o LY e [T .

. E ’ ] IQ 0. 8: a4 + !
o8- B TSNl IV - 0.6F [o] :
0 4: % e N I i \II(ZS) ]
N | = ] 04__ -
i @ v @ - } - i - Prompt J/y [EPJC 77, 269 (2017)] 1
0'2:_ é o _: 0'2:_ W 6.5<p <10 GeVic B
0_ IIIIIIII | IWI(I | IS) IIIIIIIIIII |l | | i O | I | | | I | | | I | | | I | | | I | | | I I |
0 50 100 150 200 250 300 350 400 -3 -2 -1 0 1 2 § .
Noar Pb going Yoo, p going

Strong suppression for J/Y and (2S) in PbPb * Suppression of Y(25) in pPb
Increasing suppression towards central events * Expect same modification of J/§ and y(25)

Larger suppression for {(2S) than J/y from nPDF and coherent energy loss |
Indication of final state effects from comoving

medium?

Jing Wang (MIT), RHIC/AGS AUM HF Workshop (BNL)
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I I I I I Bottomonia Sequential Suppression in PbPb

3 -1

x10°  PbPb368 ub (5.02 TeV) PbPb 368/464 ub™!, pp 28.0 pb™' (5.02 TeV)
9__ _: _l T TT | T T | T 1T | T 1T | | T TT | T T | T T | T T | I 1 |
- iopi <30 Gev CMS : 101 p, <30 GeV CMS |- _
8:_ |yw| <24 _: - lyl <2.4 Supp[ementary 1 Cent i
- iioph>4Gev E I N o ]
% 75 pp 'l <24 ] 1j E‘_?HOO%:
G 6 i 1 Centrality 0-100% ¢ PbPb Data - 0.8l i T B
. - — Total fit . T 68% CL -+ .
o 5F P — < 1 ]
= “PbPbi: ] = | 35) 95% CL - ]
~ - O\ --- Background . C 0.6 - —
w4 ' - T + .
- C --- Ry Scaled ] - + :
q) - ] - . _
3 — s 1 _
Lﬁ : : 0.4F } }_ o 1
2 gee®®® —; 0 2: — | ]
O:| | | | | I I | | | I I | | | I I | | | I I | | | | |: O_ - 4 —m T | ¢ il

8 9 10 11 1o 13 14 O 50 100 150 ZI\(IJO 250 300 350 400

M. (GeV) par

No sign of Y(3S) in the high statistic PbPb data
Agree with models with melting + with or without Y regenerations
Deviation between data and theory at most central events?

Jing Wang (MIT), RHIC/AGS AUM HF Workshop (BNL)
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I I I I I Bottomonia Sequential Suppression in PbPb

Events / (0.1 GeV)

8

9 10 11 12 13
m,-,- (GeV)

x10° PbPb 368 ub" (5.02 TeV)

- L | L | L | L | T 1T | L ]
o , =
- 5"; p¥ <30 GeV CMS .
8 ;_ ly"*"<2.4 —;
7 :_ pi >4 GeV _:
- pp m"l < 2.4 -
6 i Centrality 0-100% $ PbPb Data =
5L — Total fit E
g Pbe --- Background g
4 1At -
- ---R,, scaled .
3;— _;
D pperte®™ 7 £
O : I I | | I I | | I I | | I I | | L1 1 1 | L1 1 1 :
1

<
<
oC

PbPb 368/464 ub™, pp 28.

0 pb*(5.02 TeV)

k-
2
M 2
:
3
E
i
i
£
5

_| T | I'TTT | I'TTT | I'TTT | I'TTT | T | I'TTT | I'TTT | |__ ]
1.2 pT<30 GeV CMS _|
: lyl < 2.4 1 ]

- Cent. -
N1 Rrouppa, Srickiang @ v(7s) I 0-100%

. s 4w m/s=1 &/ Y (2S) 1 1

:=:_ '\ j— 4 / — JR |

0.8 AN 42 E/;S ] r(3S)68% CL 1 ]
¥ Y(3S)95% CL + -
0.6\ ®N\_"~.. — —
oA\, e, YAB) 1o
- AN (2 ''''' ...... @, 1 i
0.2~ R 53)—— ]
[ R o LT o NSR T ]
0_|||||||||||||||||||||||||||I|“|m|m|m| IIIIIIIIIIIII il N,-E‘_

O 50 100 150 200 250 300 350 400

No sign of Y(3S) in the high statistic PbPb data

Agree with models with melting + with or without Y regenerations

At most central and most peripheral events, larger n/s agrees better
= Effect of bias from peripheral event selection?
= (Good to follow this up in 2018 + Run 3 data

N

part

Jing Wang (MIT), RHIC/AGS AUM HF Workshop (BNL)




II Charm hadronization - Ac in PbPDb

New since last HP!
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Feed down from

Raa eXCIilte&i charm A/DO
AAI’011S ) ]
PbPb 44/102 ub™, pp 38 nb™* (5.02 TeV) 0.7 PbPb 44 ub™, pp 38 nb™" (5.02 TeV)
_I T | T T | T T | T T | T T | T T | T T | T T | T T | I_II | I I__ : - . i pp
1.4 CMS Preliminary Ac+ Ae T n :"MS Preliminary 12 nata
" lyl<1.0 0.6yl <1.0 & PYTHIAS
o yl<1. T E N - PYTHIAS + CR
2[ 10 <p_<20GeVic |o - PEPb —— EPJC78 (2018) 348
i O 05__ ~ m\ Data: Cent. 0-100% arXiv:1902.08889
1| —_— P | L _C_;?rlt_ N + -
i uncertainty 0-100% 7 0 4:
D::E 0.8~ cent. 30-100% -+ . ~
0.6 T : 203 PbPb
o . T
+ -
0.41 T . <% l
i Cent. 0-30% + ] N
0.2f 1 + . 0 o %

B 1PYTHIAS + | T \/\
_IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|I__ ] O_"'||||||||||||||||||| ||||
OO 50 100 150 200 250 300 350 400 COLOR 4 10 égV/Sl 16 8 20
<Npart> RECONNECTION PYTH" Aé) co alesoence N

fragmentation

Stronger suppression of A¢ in central PbPb events

pp Ac to DO ratio is ~3x higher than PYTHIAS8

Agreement with PYTHIAS8 + color reconnection mechanism

Is there pt dependence? = extend to higher pr

Similar ratio of Acto D%in 10 < pt <20 GeV/c in pp and PbPb

Jing Wang (MIT), RHIC/AGS AUM HF Workshop (BNL)
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I III Beauty hadronization - Bs in PbPb

Events / (20 MeV/c?)

60
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28 pb™ (pp) + 351 ub™ (PbPb) 5.02 TeV

v B,
< B

- TAMU
CUJET3.0

pp PbPb
28.0 pb™ (pp 5.02 TeV) 351 ub™ (PbPb 5.02 TeV) o5
-~ CMS -e- Data 18- CMS -e- Data - CMS
- g° Fi 0 : Alyl<2.4
- Bg — Fit 16-_ BS — Fit oL
- 15<p, <50 GeV/c Signal c\’nc\'; 14E_15<pT<50 GeV/c Signal -
—lyl<2.4 ---- Background > Tphi<24 ---- Background
- S 12:—Cent. 0-100% 1.5 \—e—
¥2/InDOF: 44/45 = 0.97 - ¥2/INDOF: 43/45 = 0.95 I
Yield = 79+10 < 10F Yield = 113 D’::E - \
?) C =
c
)
>
L

. DA ot A A

S 5.2 54 5.6

2
My (ki) (GEV/CY) My (ki) (GEV/C

N A OO ®
| T

)

s b

o

B+

Cent. I0-1 OO°/<|>

i

58 6 5 52 54 56 5
)

c oy Ly L1
20 30 40 50

P, (GeV/c)

First measurement on combination of beauty and strange in HI collisions!
Hint of higher Raa of Bs compared with non-strange B meson
Substantial statistical and systematic uncertainty

Good first try! = CMS’s capability to perform fully reconstructed Bs measurement
4-5x more statistics in 2018 data taking

Jing Wang (MIT), RHIC/AGS AUM HF Workshop (BNL)
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Heavy Quark Azimuthal Anisotropy

Jing Wang (MIT), RHIC/AGS AUM HF Workshop (BNL)
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II Prompt DO vz in PbPb

CMS PbeF 502TeV
IIII|IIII| IIIIIIII | IIIIIIII |IIII|IIII|__IIII|IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII__IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII_

0.25 0-10% T _ 10-30% + 30-50%

L - Prompt D%, Iyl < 1.0 I +Charged particle, hl < 1.0 I .

0.2 [ syst. from nonprompt D° Es i T E

[ N I ]

015L |:|Other syst. 1 I"# 1 ]

A5 Tl + T ]

N NS l" h_ I ]

N o1f +* i ]
Ol

I £

-0.05} I 1 ;

poaa b b b bewas b bewsa b W s b bowna b bvvns b by e IE s bawnn by bosna b bewna b Lya s |
5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40
p_(GeV/c) p_(GeV/c) p_(GeV/c)
Positive prompt DO vz in studied pr range - Low pr: v2 (prompt D9) < v» (charged particles)
= Low pr: charm quarks take part in - Difference in most central events is smaller
the collective motion - High pr: v2 (prompt D9) = v» (charged particles)
= High pr: indicates path length = consistent with AE (charm) = AE (light quark)
dependence of energy loss at high pr observed in Rax
Peaks around pt at 3 GeV/c - Similar pr dependence

Increase at peripheral events as expected

What about very peripheral events?
PLB 776 (2017) 195

Jing Wang (MIT), RHIC/AGS AUM HF Workshop (BNL)
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II Prompt DO + Nonprompt J/{ vz in PoPb

9 )

CMS PbPb \s, =5.02 TeV
7\ T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ L ‘ T \7
0.25— _
B 10-30% 4
- - Prompt D’, lyl <1.0 0-30% .
0.of + Charged particle, nl < 1.0

- @ s Nonprompt J/y, 10-60%, 2.76 TeV

| © ) P, 3-6.5 GeV, 1.6<lyl<2.4; P, 6.5-30 GeV, lyl <2.4 7]
0.15 —
- K] + -

: *
0.05} - @
o

~0.05F -
0O 5 10 15 20 25 30 35 40

=
[ I N I I |

Positive v2 (nonprompt J/Y)

Low pr: v2 (honprompt J/Y) < v2 (prompt DO)?
PLB 776 (2017) 195

Jing Wang (MIT), RHIC/AGS AUM HF Workshop (BNL)



II Prompt DO vz in PbPDb
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CMS PbPb F 5.02 TeV

:IIIIIIIIII IIIIIIII I IIIIIIII IIIIIIIIIII::IIIIIIIIIIIIIIIII
0.15F €
0-10% } +Charged particle, ml < 1.0
0.1} 4 o +
[
0.05 ]
¥ -
=’ Y - w
0_‘ A P 1< 7 R . - .
0051 ' o Prompt D°, Iyl < 1.0 =+
.Syst. from nonprompt D° E
~01 __ |:|Other syst. ]
N T TR TR RS PRSP PR SN AN AN NI AN R A

10-30%

5 10 15 20 25 30 35 40 5 10 15

First measurements of DO v3
= Low pr: v3 (prompt D%) >0
= High pT: v3 (prompt D% = 0

Peaks around 3 GeV/c

Little centrality dependence

Charm can see the collision geometry!
= [nitial fluctuations

PLB 776 (2017) 195

Low pr: v3 (prompt D%) < vs (charged particles)
= but very similar
High pr: v3 (prompt DO)
Similar pt dependence
Both have little centrality dependence

~ V3 (charged particles)

Jing Wang (MIT), RHIC/AGS AUM HF Workshop (BNL)



Il Do vz in high-multiplicity pPb

pPb PbPb

CMS pPb 8.16TeV. CMS PbPb 5.02TeV
03 — v v I - r v I - T T T 03 — I T - T —T=
" o D° 185 <N, " <2 i Centrality 30-50% |
- 0O Kg = 1.48 <Y < 0.54 - - O z g «Nofﬂme) 919) -

020A 0 Q & 4 . 0.2 5 A <Yom<1 o
o I 3 < ] I - @0 {b i
aa | g 0 ] &~ [ PO ® o ]
> ; 8 D¢ o - - of® of P -
0.1 O g ’ ® O - 0.1 DO e D° O —
- Je # s ® “ A = “
- P34 @ po ¢ 0@ 0K & :
L 00 . - Ho OA ¢ Q 1
0.0 S 0.0— =
" " M M | 1 | J " " | 1 M " N 1 M M " 1 i

0 2 4 6 8 0 2 4 6 8
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Significantly positive prompt D0 v> observed in high-multiplicity pPb collisions
= origin of large v2 of DO in pPb?

DO v2 (pPb) < DO vz (PbPDb) at given pr

DO vo smaller than that of strange hadrons

Is it possible that vo comes from the u quark?

Jing Wang (MIT), RHIC/AGS AUM HF Workshop (BNL)
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Il U/ vz in high-muttiplicity pPb

CMS pPb 8.16TeV
T T T L e —
- W PromptJiy [] Kg 185 < N;J:;ﬂine <250
0.2 @ Prompt D° O A i
- O O -
- @) o i
%N 0 1—— Q @ ; " N ——
oY o U ¢+ S _
- _Uo ++ ® * E ]
: DO J/Y :
0.0 <+
i | 1 | ol + |
0 2 4 6 8
p_(GeV)

vz (prompt DO) = vo (prompt J/Y)

Significantly positive prompt J/{ v2 observed in high-multiplicity pPb collision:
= Direct evidence of collectivity of charm
= DO vz is not coming only from u

Jing Wang (MIT), RHIC/AGS AUM HF Workshop (BNL)
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I III Model Market

Model Ref. Trans. Bulk Evolution Initial Condition Coll. | Rad. Group
Impl. E loss | E loss
UrQMD Smeared UrQMD
rQ ] 67 LV 3+1D ideal hydro m.( wed UrQ , v
Hybrid string/energy density
TAMU 1140 LV 2+ 1D ideal hydro Smooth initial condition v
SUBATECH
DA ¢ . . L . , Transport
Nantes 1141} BM EPOS2 341D ideal hydro Fluctuating initial condition v v Model
S
MC@sHQ EPOS2
HQ) interact with bulk massive
Catania 1142 BM quasi-particles, T-dependence of ag | - v
is tuned to match the 1QCD EoS
LBL-Duk 135 Event-by-event fluctuating
e PON v | VISHNU 241D viscous hydro wverli-by-event fuctuating / v
Cao et al. 1136 initial conditions
POWLANG Event-by-event fluctuating
, 143 | LV | ECHO-QGP 3+1D viscous hydro | .. . > - TS )y v
Torino initial conditions
HQ) interact with off-shell light
PHSD 1137 BM (]l}&lsi-])ill'ti('l(‘s wlngw masses and ) y
1138| widths are determined to
match 1QCD EoS
Dijordjevic 1129) I)(..L\".: vzu"mnt of (..L\" uppr(m(:h including gluon | | ¥ Y
radiation from multiple scattering up to Ist order in opacity Jet
133 | Soft Collinear Effective Theory with Glauber G S Models
Vitev et al. 1133 'Soft (.nllm( i Effective I‘lu:u‘x'_\‘ with Glauber Gluons y odels
13 | including quark masses (SCET()
1130
CUJET3.0 131 DGLV + VISHNU 241D viscous hydro v v
132
, . 5 : . String
AdS/CFT 1391 | Model based on the anti-de Sitter /conformal field theory
Models

Jing Wang (MIT), RHIC/AGS AUM HF Workshop (BNL)
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I II I Compare with theory - Raaand v, v3

27.4 pb™! (5.02 TeV pp) + 530 ub™' (5.02 TeV PbPb) CMS , PbPb Vs, = 5.02 TeV
C &R 025_- i | "'T"":)"' | Eaaiefell Eaiefeled Eaefeiiell Jafadiei AL RASAS RAAAS RAAAS RAALS RAALS RAAAS RARAS B
16:— Cbns_o g{j’j(g'?vé?oet al. . E - Pfomp. D 8 lyl < 1-? -‘ Ca|CU|atbns for p(omp( D 5
1aF D°+ D (D Vi tal. g=1.9:20) C  JSyst from norpromet D . --e BT «-.SUBATECH ]
L ao et al. = -
C —— PHSD w/ shadowing 0.2 [ DOhnr syst . PHSD CUJET 3.0 .
19 _ ... P PHSD w/o shadowing - b
““r Taa and lumi. AdS/CFT HH D = const 0.15 -
felncertainty T AJSICFTHHD®) | g |
< £ - .
< L
0C 038 > 01 }
s
0% 0.05F" ¥ —&— s ol NER s # g el A
0.4— - :' 4 :'U'-— -‘-‘ ------- -
C 3 |y|<1 0:. . . pp———
0.2 " Cent. 0-10% -
O_ 1 Il 1 1 L1 11 ‘ Il 1 1 1 L1 11 | 2 _o.% r
1 10 10 S e
3 - s
28.0 pb™! (pp 5.02 TeV) + 351 ub™" (PbPb 5.02 TeV) -
r ws. TAMU -
14k C.M§ Supplementary wvem Diordjevic 01 -
C A .
- :_|:| Correlated syst. uncert. 23;/%T§I"OHH D(p) i
- Uncorrelated syst. uncert. AdS/CFT HH D=const 0.05 12!
1P- Global uncert. w772 SUBATECH - :.u ‘. - -
. > Or :*‘: e T AT
= 0.8:'-_;--,
osfs e -0.05}
04f = —0.1fF
0'2: N PP PP PROT PP PR R P
ot L . 5 10 15 20 25 30 35 40 5 10 15§ 20 25 30 35 40 5 10 15 20 25 30 35 40
10
p. (GeVic) p_ (GeVic) p, (GeVic) p. (GeVic)

- Most models can roughly predict the shape
- Strong constraints by simultaneously predicting Raa and vi

Jing Wang (MIT), RHIC/AGS AUM HF Workshop (BNL)
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I III Constrain theory - Ds

27.4 pb" (5.02 TeV pp) + 530 ub” (5.02 TeV PbPb) eMs PP ISy =502 TeV

C CEJRm ¥ 30-50% -
B CMS_ Diordjevic ot l. A~ Prompt D’ Iyl <1.0 ° ]

L D0 + D0 [T Vitev et al. (g=1.9-2.0) - + Charged particle, nl < 1.0 E
“E Cao etal. A Calculations for tD 1
—— PHSD w/ shadowing L promp 7
Co . PHSD w/o shadowing B i SUBATECH
b Txa dnd lumi. AdS/CFT HH D = const PHSD CUJET 3.0
;.f’uncertainty AdS/CFT HH D(p) t

Lattice QCD

0 Ding et al.

.
..:_ ® Banerjee et al.

- The spatial diffusion coefficient Ds can be extracted/constrained
- Not consistent with LO pQCD calculations

+ Close to quenched lattice QCD and AdS/CFT calculations

- What do we do now - Any better observables?

Jing Wang (MIT), RHIC/AGS AUM HF Workshop (BNL)



I H
I I" Other observables?

Jet 1, pt: 70.0 GeV

CMS Experiment at LHC, CERN

Data recorded: Sun Nov 14 19:31:39 2010 CEST
Run/Event: 151076 / 1328520

Lumi section: 249

anti-charm

Raa
Flow v

Jet 0, pt: 205.1 GeV

Heavy flavor in jets?

R .
Jing Wang (MIT), RHIC/AGS AUM HF Workshop (BNL)
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Heavy Quarks in Jets

Jing Wang (MIT), RHIC/AGS AUM HF Workshop (BNL)
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I H
I II I Heavy Quarks in Jets

pp 27.4 pb™' (5.02 TeV) PbPb 404 ub™ (5.02 TeV)
anti-k; R=0.4 jets, P> 120 GeV, Injetl<1 .6

'CMS PbPb, s, =276 TeV ' " |
15k » VPN = 3 r trk
TLdt=150 ub” _ | : O.7<pT<300 GeV
| anti-k, jets: R = 0.3 B —& | PbPb
g L —0— I - 0-10%
= = 20 ]
E‘ I | o s __‘_' :
g S | |
o_ <t
= | . . o 1 froadi-mmm e
= | P > 100 GeVic | %_ -
I 03<m<2 . |
0.5~ 0-10% p"a°">1GeV/c — O'...l...l,..l...l...
SR EE, S A "0 02 04 06 08 1
0 0.1 0.2 0.3
r Ar

= Light hadron jet shape analysis
How to explain

= medium-induced gluon radiation?
= medium response?

= multiple scatterings?
-

Jing Wang (MIT), RHIC/AGS AUM HF Workshop (BNL)
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I H
I II I Heavy Quarks in Jets

pp 27.4 pb™' (5.02 TeV) PbPb 404 ub™ (5.02 TeV)
anti-k; R=0.4 jets, P> 120 GeV, Injetl<1 .6

'CMS PbPb, s, =2.76TeV '
1.5 5N - 3 [ W= trk
TL dt = 150 b _ | : O.7<pT<300 GeV
| anti-k, jets: R = 0.3 B —& | PbPb
e 1 S, [ 0-10%
| & e
\_Q i — ___:_
L. . - . - o ceoveoeeeor SN ... ....c.oouorenenennnnrancnnnnansennansnne — % +
y i _a i
. . T e
i P >100 GeV/c | %_ -
I 03<m<2 | .
0.5~ 0-10% p"a°">1GeV/c — O'...l...l,..l...l...
e 0 02 04 06 08 I
0 0.1 0.2 0.3
r Ar

How to explain
= medium-induced gluon radiation?
= medium response?  Mc>» Taagp

= multiple scatterings?

-

Vary mass of the associated hadrons /

= Heavy flavor!

Jing Wang (MIT), RHIC/AGS AUM HF Workshop (BNL)



I T8 CMS,
I I Heavy Quarks in Jets
More ...

Charmonia production mechanism
Isolation
Polarization
PP
Production mechanism of charm and DO
The role of gluon splitting
Recombination in the medium

Heavy quark behavior and interactions in the medium
Complementary to inclusive measurements
Correlation: more sensitive observable to HQ diffusion coefficients + models

PbPb

12 : : : : . , . 1.5 ————————————— —
- ® ALICE DO, D+,D*+ | 4 | | == col.+rad. D(2nT)=7.0
10F = col.4rad. D(2T)=7.0| | -+« « col. only D(21T)=2.0
A .+ col. only D(21T)=2.0 — — rad. only D(21T)=4.5

[ 1\ — = rad. only D(2nT)=4.5| ]
08F 1!\ -

\ Pb-Pb @ 2.76 TeV

._.
(S}
T

=
Ne)
I

LO pQCD initialization

0-7.5%

I/N dN/dAd

=
[*))
I

Pb-Pb @ 2.76 TeV

|
I
I
I
|
c-cbar pair correlation I
I
I
I
I
0-7.5% |

L)
R B
.

=)
(98
1
~—
—
-
L 1 i

=)
=)
=)
=)
L
\
-

) 10 20 30 0 Y=z o0 a2 T 32
Py (GeV) Ad

Jing Wang (MIT), RHIC/AGS AUM HF Workshop (BNL)
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I III Radial profile of DO in jets in PbPb

Low D pr: 4 <ptP <20 GeV/c

27.4 pb™ (5.02 TeV pp) + 404 ub™' (5.02 TeV PbPb)
Trr+r [ rr+r 71+ 1 rrrr 11

10%

CMS 4 <pP <20 GeVic
Preliminary T

L1l 111l

. ly°l <2
D° + jet |
J |p’Te‘| > 60 GeV/c
10 jet .
. M 1<1.6 E
Z'|lo | ]
© ! .
g - -
-|: +
1 -
E w PbPb ’ E
- e pp ]
10, e
3

(=] —
TTIIIIIIIIII-
olllllillllllllll

(=)
o
oL

0.2 0.3 0.4

The ratio of PbPb over pp:

Low D pr: increases as a function of r
= Hint that DO are further from jet axis in PbPb than pp
High D pr: consistent with unity

High D pr: ptP > 20 GeV/c

27.4 pb™ (5.02 TeV pp) + 404 ub™' (5.02 TeV PbPb)
L L L L L

CMS p° > 20 GeV/c .
10% = Preliminary b =
0, ly"l <2 3
D" + jet jet .
IpTI>60 GeV/c .
10E M < 1.6 E
g, |- ;
Z o B .
© 1 B
e E =
z | 3
10w PbPb E
C e pp T 5
107 E
PN I PPN SN T
S B
s y
s :
g | + _
f 1I_—|---+ ------------------------------------------ * ----------- =
o , | . . ]
0 0.1 0.2 0.3 0.4 0.

r

2

B
M 5
3

8
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=

g
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3

r=\JAG + AT,

Jing Wang (MIT), RHIC/AGS AUM HF Workshop (BNL)
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I III J/Y fragmentation function in pp

prompt J/§ non-prompt J/Y
8 pp 27.39 pb™ (5.02 TeV) 8 pp 27.39 pb™ (5.02 TeV)
[ T T T | T T T | T T T | T T T | T T T ] [ T T T | T T T | T T T | T T T | T T T ]
7:_ Prompt J/y CMS - 7:_ Nonprompt J/y CMS -
Fly, I<16 Preliminary - Clyy,I<16 Preliminary -
6L 6:5<p < 35 GeV 6L 6-5<p <35 GeV 3
L T,Jy -m- Data L T,Jhy
- ly <24 ] cly <24
N 5[ jet GeV = PYTHIA 8 4 N 5-_21et GeV B
ke, :25<p <35 Ge . o °f 5<p.. <35Ge
Z N Z L preeneel
T 4F - T 4 = Data = .
< HmH ] Z [ = PYTHAS : ]
= 3F E — 3L PYTHIA® P
i ] F " bhad =]
2f - - of = :
N — e ] N L]
0 | | | L 0L | | eeepeeg | = =
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Z Z
Prompt J/{ not described by PYTHIA 8 z=
= PYTHIA 8 too much harder Pr jer

Nonprompt J/ similar between PYTHIA 8 and data
Similar results with LHCb in different kinematics

_ pT,J/l//
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Jing Wang (MIT), RHIC/AGS AUM HF Workshop (BNL)
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H
III| I What to expect from CMS in HL-HLC era? (1/2)

High-Luminosity LHC!

CMS Upgrade in Run 3/4 benefiting heavy flavor studies
Higher luminosity ~10 nb-1 PbPb data
Upgrade inner tracker to cover a large acceptance up to Inl <4
Improve L1 and DAQ rate
= more sophisticated triggers
= recording a larger number of minimum-bias triggered events
Propose MIP Timing Detector with a good time resolution = PID

Raa Vo Hadronization
ISy = 5.02 TeV pp 650 pb™' + PbPb 0.4 VS =502 TeV PbPb 0.2 nb™ VSun = 5.02 TeV pp 650 pb™' + PbPb 10 nb’"
- ® Charged hadrons F - B =
1'6: CMS . (p; <50 GeV), 0.2 nb™ 0.35 CMS . - C(r)\arged hadrons 1.6p CMS . = B
4k Projection (b, > 50 GeV), 10 nb” - Projection (= ]D :_Pro;ectlon *  Non-prompt Jiy
“t =] D° (p, <20 GeV), 0.2 nb"* 0.3[- © CUJET3.0 14f —
a D’ (p, >20 GeV), 10 nb™' " LBT Z '
1 .2 [ + -1 ~ 1 2 |
_ m  B,10nb 0.25[ o =
B *  Non-prompt J/y, 10 nb™ - e® PHSD Z
] 0.2fe ° I TAMU L
2 I —P - KT -~ - SUBATECH g |
o8 e 015/ ol < oaf —
06l W N @?-’. 0.1 06" *,
L b} o 5 § “F e, g
04 = =~ il o 0.05 . : - ,
AT o® ) 0.4 M
- - O --eeesseessersse e
0.2} , - . 0.2
i Centrality 0-100% -0.05 Centrality 30-50% - Centrality 0-100%
R 1 Lol 1 Lol 1 L1 Covoa v b b b b by bawa o | B I | | R | 1 1
0 10 107 0 5 10 15 20 25 30 35 40 0 10 102
p. (GeV) P, (GeV) P, (GeV)

Jing Wang (MIT), RHIC/AGS AUM HF Workshop (BNL)
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H
IIII I What to expect from CMS in HL-HLC era? (2/2)

High-Luminosity LHC!

4 VS = 5-02 TeV pp 650 pb” + PbPb 10 nb™ 2.2r "
: - B CMS, 5.02 TeV
D - "
3.5 Projection - N v |<2.4
0 . IyDI <2 : N (=] Yo <<

~ 4 D"+ jet : 1.8 POWLANG 0-20%
8—_ jet i [ EPS09, no medium LHCb, 8.8 TeV
= Ip, 1>60 GeV/c 1.6 —— HTL, smear=0.2fm  pp 104 pb™ + pPb 250 nb"
& 25 HTL, smear=0.4 fm + 25<y*<35
& <14 — - IQCD, smear=0.2 fm x -35<y*<-25
= 2

a'“*C o
o - IQCD, smear=0.4 fm

3|,
Z|%15
|8
|Z | R L L L T T T T e
05
: llllllllllllllllllllllllllllllll
% 01 02 03 04 05 0 10 20 30 40 50 60
r P, (GeV)
High-precision HF correlation - Strong constraints on CNM effects
measurements

Jing Wang (MIT), RHIC/AGS AUM HF Workshop (BNL)



CMS,

Compact Muon Solenoid

I I I I Summary

Great achievements from CMS on heavy flavor measurements in various system and observables!

pp

CM ‘ ‘ ‘ ‘ be’b \/Q‘N =5.o‘2 TeV CM% ‘ ‘ ‘ be’b\/T 50‘2TeV 102 274pb (5 02 Tevlpp)+404 up'! (502TeV PbP'b)
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02F - 02 B L . B - D +je e 1
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I III Summary

Great insights into heavy quark behavior and QGP properties from CMS!
HQ collective motion
—L HQ diffusion

27.4pb" (502 TeV pp) + 404 ;,Lb (602 TeV POPY)
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neL A i) = L B r
61 1 § P sealed 3 0.6 | . e
0.4F . i E £ W ] [ e
0 2; Prompt J/y [Er SiFZ,. 269 (2017)] ] E 0. E é @ L] ~ ] 0.4F
opp - “F m65<p <10GeVic B 1 E 0.2F @ @ "] 0.2 Cent. 0-100%
%Z%N\I;;NS i o T B BT B B . e o ool oo 3 r s ] L e
2 3 2 1 0 1 2 3 Fe bbb b L VI 1] v
Global uncert. 2.5% L— yCM 8 9 10 11G V12 13 0 100 0 200 0 200 J 1 1OG Vi 10%
\ M (GeV) Goart pT( eV/c)
25 =
== e
\S1= 15 =
e s T N—— o N ) PbPb 44 ub", pp 38 b (5.02 TeV)
It 0‘8 = | 4 .6 nb” (p . eV) \ ’ N a5
— r \ . E imil pp 3
295 - CMS 10 <p_ <60 GeV/c FCMS Proliminary g b
SN 15E 3.5F U P 0.6Clyl <1.0 - PYTHIAS
8 1 F RFON'—L B F PbPb - PYTHIA8 + CR
G == | 3F |:|S{} t. pPb dat — TAMU 5 w0y Data: Cent, 0-100% —— o, SAaTt8) 348
. ‘10 . — E 3 St EONLia ¢ F 5 o © arXiv:1902.08889
p; (GeVre) Q 250 gsggt int Iumip+pB(e' # CUJET3.0 .
4 2F
B< (:f
35 1.5¢ § B
r T — i g
1= $ u [ C
0.5- . b1C
E 5 Cent. 0-100% L
- I \HH\HH\HH\HH\H C : : :

2o

(GeVic)

Test of pQCD \ * % '/ Strangeness
enhancement HQ hadronization

Jing Wang (MIT), RHIC/AGS AUM HF Workshop (BNL)
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Thanks for your attention!

Jing Wang (MIT), RHIC/AGS AUM HF Workshop (BNL)
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Supplementary

pp 38 nb™ (5.02 TeV)

CMS

IIIII_[J'I‘IIIIlIIIIlIIII

4 CMS Data, lyl < 1
|® ALICE Data, \'s =7 TeV, lyl <0.5
4> PYTHIA8 CUETP8M1
PYTHIA8 Monash
sk PYTHIA8 + CR
— EPJC78 (2018) 348
- --arXiv:1902.08889

|
8 10 12 14 16 18 20
P, (GeV/c)

2.5

(AL + Ag) / (D°+ D%

1.5

0.5

PbPb 44 ub™ (5.02 TeV)

3 Supplementary

- CMS W  CMS Data,lyl<1,Cent. 0-100%
L~ | ® | ALICE Data,lyl<0.5,Cent. 0-80%
-/ N e Shao-Song,R_ =0.425
\ B/M
B / \ — — Catania,coal.
?/ v\ Catania,fragm.+coal.
S0\ s Shao-Song,R_ =1.2
- “ \ B/M
- S\
-:i \"\ \
/ “\
i O\
n )
- \"
:_/"l‘l‘l \ \:s
/_, -
- Tt -
_I|III|III|III|III|III|III|III|III|III
2 4 o6 8 10 12 14 16 18 20
P, (GeV/c)

Jing Wang (MIT), Probing QGP with the D mesons, Thesis Defense (2019.5.6)



II Different Collision Systems

Raa CMS Vo
B ALICEO 25_I LI I rriri I rriri I rriri I rriri I rriri I rriri I rri I_
1.6 D% 4+ DO PbPb 5.02 TeV, Cent. 0-10% o PbPb 5.02 TeV, Cent. 30-50% 1
i = CMSlyl<1 STAR - e CMSD’lyl<1 .
1.4 e ALICElyl<05 0.2 e ALICED’ D", D" lyl<08 -
B N AuAu 200 GeV, Cent. 10-40% i
- AuAu 200 GeV, Cent. 0-10% - [l e STARD’ Iyl < 1 ]
1'2: B e STARIlyl<1 0_15: _II _:
1 ]
< F §
<C B NO0.1H —
B > . t
T og- o i :
0.6f + 0.05] M i ]
0.4f O e E
0.2 - ]
O:I 11 | | | L 1 111 | | | | I I I | | _0.05__I 111 I 111 1 I | | I | | I | | I 111 I L1 11 I 11 I__
1 10 102 0 5 10 15 20 25 30 35 40
pT (GeV/c) P (GeV/c)

CMS cross-check with ALICE measurements

No Significant difference between PbPb@5 TeV vs. AuAu@200 GeV within
large uncertainties

CMS did a good job :)

Jing Wang (MIT), Probing QGP with the D mesons, Thesis Defense (2019.5.6)
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I III Raa vS. Theoretical Predictions

6. Pb+Pb, 5.02 TeV, 010 % IyI<t DY meson, 0-10%, MCKLN, Pb-Pb, \/syy = 5.02 TeV
- a //\ , 1 L | L] L | L] L | I ) ] L) L] ) L] L |
1.4 ( )/ " - g:ﬁl"gD(D?h  <hadowing . " OCMS ===algow — w/ coalescence 7
1,7 \ --- without shadowing 1 - R 1 enaloceonee =
124 - . PHSD with shadowing - T Lang. M&T —— w/ coalescence
' ) 0.8 -
e < - -
. < -
= 0.6 _ |
) 0.4 -
0.2 -
. L Ty = 160 MeV -
0.0 ' ' e ' ' - 0 1 1 | I T |
1 10 100 10*
p, (GeV) pr [GeV]
Shadowing plays an important role at low pr - Coalescence hadronization significantly

enhances DO production at low pr

Jing Wang (MIT), Probing QGP with the D mesons, Thesis Defense (2019.5.6)



II Spatial diffusion coefficient Ds extraction

Different models w/ and w/o latest experimental constraints
MC@sHQ, elastic K=1.5 e Duke-LGV, median 20
= NMCGsHQ, ela+rad K=0.8 Duke-LGV, 90% C.R - median value
PHSD 23 c-quark T-matrix U-pot .
)() QPM(Catania), BM : c-quark lattice Ding et al prior
SV | = QPM(Catania), LGV HQ lattice Banergee et al e 90% C.R
— 15}
o 15] ~
= S 10 p=0 GeV/c
Va)
,‘S, 101 Q
Q 5|
5
0 . : - . . . . ,
1 > 3 0102 03 04 05 06
T/T. T [GeV]

Constrained by the input of D meson Raa and vz from CMS, ALICE, STAR
Ds 2T (p=0, T¢) = 1—7 at T~T.
Significant constraint from experimental measurements

Jing Wang (MIT), Probing QGP with the D mesons, Thesis Defense (2019.5.6)



I H
I III Theoretical Predictions - Raa

2

g
M £
3

3
:
H

i

£

5

3

27.4 pb (5.02 TeV pp) + 530 ub ' (5.02 TeV PbPb)

. [m] Rua
1.6 CMS Djordjevic et al.
. Wt CUJET 3.0
B DO + D0 [[IIII]] Vitev et al. (g=1.9-2.0)
1.4 Cao et al.
B —— PHSD w/ shadowing
1.2 _ ... N PHSD w/o shadowing
T T and lumi. AdS/CFT HH D = const
- _~Uncertainty AdS/CFT HH D(p)
1 Nt LRl
< b
<C B )
o 0.8
067_/ _+““‘ _41,-'-':(17
0.4F : N\ oot
o.oF ly| <1
T Cent. 0-10%
O_ | ] ] L1 1 I| ] ] ] L1 1 1 I|
1 10 10°

1.4

1.2

28.0 pb™' (pp 5.02 TeV) + 351 ub™' (PbPb 5.02 TeV)

. CMS Supplementary TAMU
= R «win Djordjevic
! AA CUJET3.0
- |:| Correlated syst. uncert.
N Uncorrelated syst. uncert.
. Global uncert. SUBATECH

o .- e -\7

“% S T S S
::.’ : g “‘7."::'&'\&‘}

Illlllllllllf""lll'//’

AdS/CFT HH D(p)
AdS/CFT HH D=const

Most models can predict the shape
Theoretical calculation is below data at high pr
Raa is sensitive to evolution models at low pr

Jet models only works at high pr

P (GeV/c)

Jing Wang (MIT), RHIC/AGS AUM HF Workshop (BNL)
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II Flavor dependence of parton energy loss

Centrality 0-100%

5.02 TeV pp (27.4 pb™) + PbPb (530/368 pub™)

1.6 CMS Supplementary Beauty

- | ¢ |B'lyl<24
- x (b-o)D°
1 '4: (b —) Jhy
1 2—_ + 18<lyl<24
T . * lyl<2.4
N TS SRS SRR
> b—dJ/r

0 4:— _{_ 1]
0.2;— B Cent. o-lﬂ)go/:,
O
pT (GeVic) Non-prompt J/§ vs. Non-prompt D° vs. B+

= (Consistent at 10-20 GeV/c
= B—D analysis is on-going to reach lower pt

Jing Wang (MIT), RHIC/AGS AUM HF Workshop (BNL)



II What can we expect by the HL-HLC era? (3/4)

Catania group

/n.d.f
S

® -© chp current
A A ocxp/z

o O ()'exp/ 5

20

»w 151

2nTD

High-Luminosity LHC!

Duke group

prior
current Oeyp, 70%C.R
future oexp, 70%C.R

pr=0GeV/c

Stronger constraints on the diffusion coefficients

arXiv:1812.06772

Jing Wang (MIT), RHIC/AGS AUM HF Workshop (BNL)
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L]
" Dataset + Observables

Jet-triggered events in pp and PbPb collisions
= MinimumBias events are used for background subtraction
= (Cross-checked with D-triggered events

' DO * lybl <2
jets <+ Two pr bins
= 4 <ptP <20 GeV

Particle flow jets ~ ¢-="" = pt°>20 GeV

anti-kt, R =0.3

pret > 60 GeV/c relative n,® between DO and jets
Inetl < 1.6

T - r=\/A¢§D+A77§D

Radial distribution of DO with respective to the jet axis:
1 dN
N dr

JD
The final distribution is normalized to unity in r < 0.3
No pt weight as light-hadron jet shape analysis

Jing Wang (MIT), Probing QGP with the D mesons, Thesis Defense (2019.5.6)
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II Radial profile of DO in jets (1/3)

Low D pr1: 4 <ptP <20 GeV/c High D pt: pt0 > 20 GeV/c
o 274pb (5 02TeV pp) + 404 ub (5.02 TeV PbPb) 274Pb (5 02 Telep)+4O4lub (5.02 ITeV PbPb)
1 T I T I 1 1 1 LI B |
CMS 4<pP <2o GeV/c 2 CMS p2 > 20 GeV/c
L Preliminary 5 i 102 Preliminary WOl < 2
- 0 . s ly“l<2 : D°+jet yt<
- D+ jet I’ > 60 GeV/c Ip_’1 > 60 GeVic
10 <16 E 10 <16
a) - :*: ] =1 ——
Z's F Z|T
© t © 1
g ,-| S
-|Zﬁ + > .
43 + 3 10°"
= PbPb : = PbPb T
o pp 1072  [1e7 pp
10_1 -_I 1 L 1 I 1 1 1 L I 1 1 1 L I 1 1 1 1 I 1 1 1 1 . : . : I : : : . I : : : . I : : : : l : . . .
0 0.1 0.2 r 0.3 0.4 0.5 0 0.1 0.2 ' 0.3 0.4 0.5

Low D pr: reach maximum at 0.05 <r < 0.1
High D pr: fall rapidly as a function of r

Jing Wang (MIT), RHIC/AGS AUM HF Workshop (BNL)
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I H
II Radial profile of DO in jets (2/3)

Low D pr1: 4 <ptP <20 GeV/c High D pt: pt0 > 20 GeV/c
,  27.4pb" (5.02 TeV pp) + 404 ub™' (5.02 TeV PbPb) 27.4 pb™ (5.02 TeV pp) + 404 ub™' (5.02 TeV PbPb)
3N L L R L BN BN L RN LN N BN N AL BN L LA B RN AL R BN RN AL BN BN
- CMS 4<p®<20GeVic 3 CMS P2 > 20 GeV/c
- Preliminary o § 10% = Preliminary b
- Do+_et |YI<2 7 Do+_et |y|<2
J 101 > 60 GeVic ' 19 > 60 GeVic
10 Ml <1.6 = 10€ M <1.6
[N —— . Sl [ =
Z |o - Z |T [~
o ’ - o 1=
1—| g = — -— g =
z } E :
3 —-
= w PbPb ' E 10'E  w PbPb
N e pp ] n e pp .
.+ PYTHIA8 - 102 + PYTHIAS <
10_1'—:::} — - - E: } — - :
S B S B
Q _ ] Q n i
S - S 2 -
< - - < - -
T 4 + = T r ]
oo ampag---or+ oo oT e — ———— e (S R -
i P . &t - t 1
0-_ ........................ _— O-_ ........................ —-
0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 r 0.3 0.4 0.5
r

Predictions from PYTHIAS8
= Low D pr: produce a wider radial profile than measurements
= High D pr: agree with measurements

Jing Wang (MIT), RHIC/AGS AUM HF Workshop (BNL)
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I I Extraction of DO vy

CMS PbPb |s, = 5.02 TeV
AL I B B AL B _ _ . .
S000E™ 11 < 1.0 «Data Simultaneous fit on invariant mass
8000 Cent. 10-30% —Fit g :
4.0<p_<5.0 GeVic o Signal distribution and vn vs mass
7000 K-n swapped

Miny) = “(mim@ [1 — a(miny) |05 (Miny ),

Vn®S: Vn Of signal DO
= fit parameter

(o)}
o
o
o

.\lfllllllllllllll lll]llllllllTT]llllllllllllilllll llllIIIIIIIIIIIIIIIIIIIIII

--- Combinatorial

lllllllllll'Illlllllllllllll

|

-~ ...
......
-
-
________
----------------------------------

Entries / (5 MeV/c?)
Z
3

2000 = other terms:
1000 = = VnS+B(Minv): Vi of all DO candidates
S A S AN A ; = VnB(Minv): Vn Of combinatorial
0.3 v5=0.156 £ 0.008 background, modeled by a linear

025 _ E function
au 025 o E : signal fraction from

0(1)51 E invariant mass spectra fit

17 175 18 18 19 1905 2

Jing Wang (MIT), RHIC/AGS AUM HF Workshop (BNL)
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I I Scalar Product Method

+vn coefficient can be expressed in terms of Q-vectors as

(Qup'Qsa) _ .
n SP — ’ n = A/i ll’l(l)k
vn {SP} @Q;Bxgn@ Qn = Ljemq wie™x
(QueQiic)

Scaling factor from 3 sub events A B C
e =) SUD T HE. | HF+  Tracker
—— HF- SRR SR S,
P m<-3 towers towers  tracks
— I R R
Qa Et Et pT

Jing Wang (MIT), RHIC/AGS AUM HF Workshop (BNL)



II What can we expect by the HL-HLC era?

LHC and CMS schedule

12 | Run3 | 1S3 HL-LHC (run-4)

CMS Phase | Pbe 6- 7/nb CMS Phase | PbPb: 6-7/nb

. Tracker|n|<4
. » LI:750kHz
. » DAQ: 60 GB/s§

2019-2020 | 2021-2023 | 2024-2025 | 2026-2029

- ALICE upgrade
e TS

- » TPC readout
~ (50kHz)

Jing Wang (MIT), RHIC/AGS AUM HF Workshop (BNL)
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CMS

H N
IIIII What can we expect by the HL-HLC era?

A Mip Timing Detector at CMS

MTD design overview M

CMS/ |

ENDCAPS “ETL”

Onthe CEnose ~42 mm thick
Surface 12 m?

Radiation level 2x10™ n_/cm?
Sensors: Si with internal gm!—‘.' (LGAD)

N

Thin layer between tracker and calorimeters
MIP sensitivity with time resolution of ~30 ps
Hermetic coverage for |n|<3

Design - Timing resolution of 30ps - Cost effective design over large area - Marginal impact on rest of CMS
constraints: - Radiation tolerance to 4/ab - Manageable data volume and power - Integration fits within schedule

C. Neu, US CMS collaboration meeting, 2018

Jing Wang (MIT), RHIC/AGS AUM HF Workshop (BNL)
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Il Do Trigger in CMS (1/2)

L1 high-pr jet
triggers selection

CMS, | cMs Experiment at LHC , CERN
— Data recorded: Sun Nov 14 19:31:39 2010 CEST

\_ Wy,

- Level-1 (L1) jet
algorithm with online
background subtraction

Dedicated triggers for high-pt D in CMS

Track selection in
software triggers

=) >

Track quality and pr cut applied:

* pr > 2 GeV for pp
* pr > 8 GeV for PbPb

DO selection

DO decay

{j:? vertex

Beam spot
\_ J

« DO online reconstruction

« Loose selection based on DO

vertex displacement

Jing Wang (MIT), Probing QGP with the D mesons, Thesis Defense (2019.5.6)
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I] Do Trigger in CMS (2/2)

pp PbPb
pp, \s=5.02 TeV
1.4 B 1T T 71 | 1T T 71 1T T 1 | 1T 11 | 1T 11 | | L ] |
1.2 — Preliminary N "

- ] S 12 ]
> [ ——9—_¢g -~ = i ]
- T ' ] ° Ar =+
@ 080 B g - S e b o o :
2 T : 2 08f -
= — £ O%f
W o6l ] s F HLT D20
B : g O°F HLT D40 E
_I___I i —¢— HLTDmesonp_28 | = : -

0.41 —e— HLT D meson p_>15 - E 0.4 HLT D60 .
0.2 :_ —@— HLT D mesonp_= 20_: il 00 :_ _‘
L P, _ :
O _E&t=|'ﬁt|:‘:_|‘|_| NI SN ST A BN 0 @—__.___;5._-_——9—-‘: L
0 10 20 O30 40 20 60 0 102
p. (D) (GeV) D" p, (GeVic)

Dedicated triggers for high-pt D in CMS
Almost fully efficient (> 98%) for pp, > 90% for PbPb
MB events for pt < 20 GeV/c, DO trigger for pt > 20 GeV/c

Jing Wang (MIT), Probing QGP with the D mesons, Thesis Defense (2019.5.6)



Data
GM-VFNS FONLL

Data

[
II Results - Prompt D° Production in pp

10"
10'2
10"
10™°

© -~ N o =
CUILUINUICUIL TN OY

27.4 pb” (5.02 TeV pp)

DO 4+ DO
2
—
[eJpp -~
| ] FONLL ———
[ ] GM-VFNS —
Global uncert. 2.5% ——
E —o—_g | _
z_ ___________________________________ :E=._
= = == SSI==___ s = =S =I:i= = —————— —— |
E 1 A R | A Lo
10°

Wide kinematic range: 2-100 GeV/c
= First measurement of DO up to very
high pt 100 GeV/c

Test on pQCD calculations
= Consistent with the upper bound of

= Consistent with the lower bound of
GM-VFNS

Reference to study hot medium effect

Jing Wang (MIT), Probing QGP with the D mesons, Thesis Defense (2019.5.6)
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II b-hadron Feed-down Subtraction

Inclusive DO:
: D9 mesons coming from c-quark fragmentation

X Non-prompt D9 D% mesons from b-hadron decays
Extract prompt fraction with data (new method!)

Different Distance of Closest Approach (DCA) between and non-prompt DO
Non-prompt =
Components D°
P
D® DO vertex
DO
DO DO vertex /_\A
B
Primary vertex
*~
7 Smaller DO DCA e i
Primary vertex Larger D0 DCA

Jing Wang (MIT), Probing QGP with the D mesons, Thesis Defense (2019.5.6)



II b-hadron Feed-down Subtraction

Different Distance of Closest Approach (DCA) between and non-prompt DO
Fit DCA distributions of signal D0 from data with the DCA templates from simulations

27.4 pb™ (5.02 TeV pp) 27.4 pb™' (5.02 TeV pp)
10° 3 CMS Supplementary lyl < 1.0 1.2:— CMS Supplementary D° 4+ DO
—~ 10.0<p_<12.5GeV/c -
g s T
~10° —e— Data 2 %4, ¢
< [ Prompt D° C 0.8ttty ¢ ‘
8 [ Non-Prompt D° = [
£ 5 0.6/
0 10* & i
5 S 4l
~ o 041 —+— stat. uncert.
% - syst. uncert.
10° 0.2
O_IlllllllI|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
0 0.010.020.030.040.050.060.07 0 10 20 30 40 50 60 70 80 90 100
D° DCA (cm) p. (GeV/c)

Jing Wang (MIT), Probing QGP with the D mesons, Thesis Defense (2019.5.6)



H
" CMS detector

EM and hadronic calorimeters
Photons, Jet

Forward Calorimeter:
MB triggers, centrality

Inner tracker:

charged particles Muon detectors f
, Muon | hi<24
In|< 5.2
ECAL Inl< 3.0
Tracker Inl< 2.5

Jing Wang (MIT), RHIC/AGS AUM HF Workshop (BNL)



k-

g

M s
2

3

U

2

g

£

- £
38

II Systematics of fprompt for v, analysis

[ Systematic uncertainties from non-prompt D? are evaluated in
a data driven method based on:

= v, of D? with all analysis cut and w/o b, cut
» Fractions of prompt D? with all analysis cut and w/o b, cut

All analysis cut: v, %8 =f

Without by cut: v, ,%8 =1 , v,P + (1-f ;) v, P
1—fp1 BN
(Vn 1s1g Vn 2Slg)

1~ fp2" ’

oS~—— /

DY v, with all As systematics from

analysis cuts as non-prompt D?
central value

1 Vnp + (l'fp,l) vnnp

Jing Wang (MIT), RHIC/AGS AUM HF Workshop (BNL)



II Event mixing technique

Signal: jets and D% mesons from the same hard scattering
Background: fake jets, jets and D% mesons in underlying events, ...

signal jet bkg jet

. -
........ el
before subtraction : signal D _E
pure signal
g

Jing Wang (MIT), LBNL HF/MVTX Workshop (Berkeley)



II Event mixing technique

Correlate D9 mesons and jets in triggered events (raw) and MB events (bkg)

Raw D MB D

Raw jets

MB jets

Jing Wang (MIT), LBNL HF/MVTX Workshop (Berkeley)



II Event mixing technique

Correlate D9 mesons and jets in triggered events (raw) and MB events (bkg)

Raw D MB D

Raw jets

MB jets

I ‘

Jing Wang (MIT), LBNL HF/MVTX Workshop (Berkeley)



II Event mixing technique

- Correlate D% mesons and jets in triggered events (raw) and MB events (bkg)

Raw D MB D

%’ Raw jets
d

% MB jets
" bkg D
sonajett L

Jing Wang (MIT), LBNL HF/MVTX Workshop (Berkeley)



II Event mixing technique

Correlate D9 mesons and jets in triggered events (raw) and MB events (bkg)

Raw D MB D
Raw jets
MB jets
roT T : 7 reT T I : y signal D E R
: raw D : : .bkg D : :signal jet:
signal jet! =5 .signal jet: -= == =S8 "

Jing Wang (MIT), LBNL HF/MVTX Workshop (Berkeley)
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I III Summary

Great insights into heavy quark behavior and QGP properties from CMS!

HQ Qollective

mOtIp p 09 % m . 27.4 pb”! (502TeVpp)+404ub (502TeVPbe)

Trm‘HH‘HHWHWHWH / E 0? T T i
Jlsg® e pPb 8.16TeV 0.250- , 2 015F , 3 \EEMS\ 4<p <20 GeVic ]
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\ F 0 = ek 3 £ + Charged p e, ml <1.0 b r + Charged particle, ml < 1.0 b 0 yi< 1
5| @ PromptD™ O A B 0.2F g | [ ] D +j et |
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Capll [ ] o 10 B E E
pp 27.39 pb™ (5.02 TeV) 2 F B B0 g o 1 L ] 0.05° e ] E~ :* ]
AL B I e R ¢+o & 7] = o=l E ) ﬁﬁ l 1 oy 1
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